Nanocomposites of amorphous Ge and Sn nanoparticles are prepared from the vacuum annealing of the butyl-capped Ge gels and SnP 0.94 nanoparticles at 400°C for 7 h, and their electrochemical properties and nanostructure changes are investigated during electrochemical cycling. The nanocomposite displays a first charge capacity of 1078 mAh/g with a capacity retention of 64% after 50 cycles. However, both individual Ge and Sn nanoparticles display rapid capacity fade, showing Ͻ20% capacity retention after 50 cycles. A superior electrochemical property of the nanocomposite to the Sn and Ge nanoparticles is believed to be related to the fact that the amorphous Ge phase acts as an intergrain electrical connecter when Sn particles are pulverized. © 2009 The Electrochemical Society. ͓DOI: 10.1149/1.3073877͔ All rights reserved.
Lithium reactive metals including Sn metal have been intensively investigated as high-capacity anode materials in lithium batteries, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, the particle pulverization associated with these materials, which originates from a large volume change ͑Ͼ200%͒ during lithium alloying and dealloying, can result in electrically disconnected smaller particles, causing the electrode capacity to fade. In order to reduce this considerable volume change, an inactive phase that can prevent the aggregation of the particle growth and that acts as an electrically connecting medium between anode particles and current collector when the particle is pulverized was first proposed by Huggins' group in what they termed a mixed-conductor matrix concept ͑active-inactive composites͒. 11 The matrix should allow rapid transport of the electroactive species ͑Li͒, act as current collector, and maintain the microscopic morphology of the dispersed reactant. As an example, Li x Si in a matrix of Li 7 Sn 3 was proposed, in which cycling took place in a potential range wherein Li 7 Sn 3 did not react. In this case, the Li 7 Sn 3 phase can act as a conduction media.
A similar concept was introduced with the Sn-based amorphous composite oxide by Fuji, with the first discharge to 0 V. They found that the amorphous tin-based oxide ͑Sn 1.0 B 0.56 P 0. 4 Al 0.42 O 3.6 ͒ ͑TCO͒ is irreversibly reduced to metallic Sn and Li 2 O, and the other nonreacting components in glasses are electrochemically inert with respect to Li. 12 Courtney et al. investigated SnO x -based anodes ͑TCO͒ in detail and proposed that the network formers and Li 2 O, which is formed during the first charge, hinder smaller Sn clusters to aggregate to larger ones. 13, 14 A greater amount of Li 2 O slows the aggregation of the Sn, resulting in higher cycling stability but lowering the gravimetric and volumetric capacities. As a result, the formation of large tin regions can be suppressed, which are more sensitive to cracking and crumbling because of the higher absolute volume changes than small ones. The suppression of Sn aggregation and the stabilization of the composite microstructure by the use of network formers are in line with the mixed-conductor matrix concept proposed by Huggins et al. A similar approach was proposed by Mao et al. by using various intermetallic phases of Sn and Fe. 15, 16 During lithiation the Sn acts as reactant, forming Li x Sn, which is surrounded by the remaining elemental Fe. The fine Fe ͑ϳ10 nm͒ does not alloy with lithium but acts as an inactive matrix and supports the intergrain electronic contact in the material. Unlike the TCO, where the Sn remains after dealloying, parts of the original Sn-Fe intermetallic phase are restored during dealloying of the Sn.
Active-active composites, such as electroplated multiphase Sn/SnSb and SnSnAg 3 /SnAg 4 films with a thickness of Ͻ3 m, [17] [18] [19] were reported. These were a composite film and, therefore, showed stable capacities of ϳ600 mAh/g out to 100 cycles.
However, when using the composite electrode with a thickness of Ͼ30 m like our study, achievement of such cycle stability is difficult due to an increased volume change. In addition, such a uniform distribution of each active phase, as in the electroplated electrode, is impossible in the conventional composite.
In order to overcome this problem and, further, to achieve higher capacity, active-active crystalline Sn and amorphous Ge nanocomposite is adopted in this study. The present study reports the significantly improved electrochemical property of the nanocomposite of amorphous Ge and Sn nanoparticles prepared from the thermal decomposition of the mixture of butyl-capped Ge gels and SnP 0.94 at 400°C compared to individual Sn or Ge nanoparticles. Such a nanocomposite consisting of a uniformly dispersed amorphous Ge phase between the crystalline Sn phase has not been reported in the open literature. Compared with the capacity retention of the Sn nanoparticles, the nanocomposite demonstrates over 55% capacity enhancement.
Experimental
Sample preparation.-The SnP 0.94 was prepared from thermal decomposition of Sn acetate, Sn͑C 2 H 3 O 2 ͒ 2 ͑Aldrich, 99%͒, in a high-temperature solution of trioctyl phosphine ͑TOP͒, ͓CH 3 ͑CH 2 ͒ 7 ͔ 3 P ͑Aldrich 99%͒, and TOP oxide, ͓CH 3 ͑CH 2 ͒ 7 ͔ 3 PO ͑Aldrich 99%͒ at 390°C for 1 h according to a previously reported method. 20 In order to prepare amorphous Ge viscous gels, sodium naphthalide solution was prepared from 0.69 g of sodium and 2.93 g of naphthalene stirred in 70 cm 3 of 1.2-dimethoxyethane. GeCl 4 ͑1.04 g͒ and 1,2-dimethoxyethane ͑100 mL͒ were thoroughly mixed, and the mixture was poured into a sodium naphthalide solution. This mixed solution was stirred for 2 h, and 0.1 g of butyllithium ͑LiC 4 H 9 ͒ was then added ͑butyl groups were replaced by Cl in GeCl 4 and Li in LiC 4 H 9 was reacted into LiCl, which was removed by washing with water͒. Instantly, a yellow solution was obtained, and the solvent and naphthalene were removed using a rotating evaporator. Finally, the resulting viscous butyl-capped Ge gel was washed with water six times and was dispersed in n-hexane, followed by vacuum-drying at 200°C for 24 h. The final product was homogeneously mixed with SnP 0.94 nanoparticles using an agate mortar and pestle. The final mixture was vacuum-annealed at 400°C for 2 or 7 h. For preparing the amorphous Ge nanoparticles, the viscous gels were annealed at 400°C for 7 h in a vacuum.
For preparing pure Sn nanoparticles as a reference sample, 1.17 mL of anhydrous SnCl 4 in 40 mL of 1.2-dimethoxyethane was mixed thoroughly with 0.8 g of hydrobenzamide in 30 mL of 1.2-dimethoxyethane. As a reducing agent, 0.75 g of NaBH 4 was also dissolved in 50 mL of 1.2-dimethoxyethane and poured into the mixed SnCl 4 solution. The mixture was stirred for 30 min at room temperature under an argon atmosphere. After the reaction, the mix-ture was washed four times with water and acetone and evaporated under vacuum to yield tin particles at room temperature.
Characterization.-High-resolution transmission electron microscopy ͑HRTEM͒ samples were prepared by the evaporation of dispersed nanoparticles in acetone or hexane on carbon-coated copper grids. The field-emission electron microscope used at this stage was a JEOL 2100F device operating at 200 kV. After sonication and centrifugation of the composite electrode in acetone, the upper part of the solution was used for ex situ transmission electron microscopy ͑TEM͒ analysis.
Powder X-ray diffraction ͑XRD͒ measurements were carried out with a Cu-target tube. Inductively coupled plasma-mass spectroscopy ͑ICP, ICPS-1000IV, Shimadzu͒ was used to determine the Sn and P contents. The electrode consisted of 80 wt % active materials, 10 wt % Super P carbon black, and 10 wt % polyvinylidene fluoride. A mixture of ethylene carbonate/diethylene carbonate with 1 M LiPF 6 salt was used as the electrolyte. The cell was cycled at a rate of 0.2C ͑=440 mA/g͒ between 0 and 1.2 V. Ge K-edge X-ray absorption spectra ͑XAS͒ of Ge-coated Sn for the first dischargecharge process were taken on a BL7C1 ͑Electrochemistry͒ beamline in a storage ring of 2.5 GeV with a ring current of 130-190 mA at the Pohang Light Source ͑PLS͒. A Si͑111͒ double-crystal monochromator was employed to monochromatize the X-ray photon energy. Higher-order harmonic contaminations were eliminated by detuning the monochromator to reduce the incident X-ray intensity by ϳ25%. The incident X-ray intensity was monitored with pure nitrogen gasfilled ionization chambers. The spectroscopic data were collected in transmittance mode. Energy calibration was made using standard metallic Ge film. Figure 1 shows XRD patterns of the as-prepared SnP 0.94 and the nanocomposite of the butyl-capped Ge gels and SnP 0.94 nanoparticles after vacuum annealing at 400°C for 2 and 7 h. All of the peaks of the SnP 0.94 can be indexed to the hexagonal cell of the SnP 0.94 phase with space group P3m1 without showing the formation of other tin phosphide phases. Two unidentified impurity peaks at approximately 26.5 and 34°are not assigned to SnP 0.94 , Sn, or SnP. [21] [22] [23] Upon annealing at 400°C for 2 h, Ge peaks were not detected, indicating that Ge existed as an amorphous phase. In addition, tetragonal ␤-Sn peaks are observed, indicating that SnP 0.94 was decomposed to the Sn phase. Upon further annealing for 7 h, the SnP 0.94 phase completely disappeared and only the Sn phase was observed. Synthesis of the SnP 0.94 is not risky, and it can be easily prepared with a large quantity in an inert atmosphere. Furthermore, SnP 0.94 particles are stable in open air but start to decompose above 300°C. The purpose of using the SnP 0.94 was to get a homogeneously mixed nanocomposite of the amorphous Ge and Sn nanoparticles. When separately prepared Sn nanoparticles and viscous butyl-capped Ge gels were used as precursors, each of them was found to be severely locally segregated. Figure 2 shows TEM images of the as-prepared SnP 0.94 and the nanocomposite after vacuum annealing at 400°C for 2 and 7 h. Asprepared SnP 0.94 nanoparticles consist of tear-drop-shaped nanoparticles with a length of Ͻ ϳ 0.5 m ͑image a͒. After mixing with butyl-capped Ge gels and thermal annealing at 400°C for 2 h ͑im-age b͒, the particle morphology was partially transformed into spherical particles, as denoted by the white dotted circles in the figure. After annealing at 400°C for 7 h, all particle morphologies became spherical with a coating layer ͑image c͒. The HRTEM image in Fig. 2d confirms the formation of ␤-Sn ͑region 1͒. The energydispersive X-ray ͑EDX͒ pattern of the dispersed phase between the Sn nanoparticles ͑region 2͒ confirms the formation of Ge ͑image e͒. Additionally, the electron diffraction pattern of region 2 confirms the formation of the amorphous Ge phase ͑inset of image e͒. EDX analysis in Fig. 2e shows a small oxygen peak at ϳ1.5 keV, corresponding to Ͻ3 wt % oxygen content, and we believe this contami- 
Results and Discussion
SnP
A278
Journal of The Electrochemical Society, 156 ͑4͒ A277-A282 ͑2009͒ A278 nation may be from partial surface oxidation of the Ge during SnP 0.94 decomposition. An expanded TEM image of region 3 shows that part of the amorphous Ge is coated on the Sn nanoparticles ͑image f͒. The Sn particle size estimated at ϳ100 nm is much smaller than the original SnP 0.94 nanoparticles, which may be related to the decomposition of P from the particles, as SnP 0.94 started to decompose above 300°C. Because the melting point of P is ϳ44°C, decomposed P from the SnP 0.94 is susceptible to evaporation during vacuum annealing at 400°C. Actually, the cooling part of the inside of the quartz tube of the furnace was observed precipitation of the phosphor powder. Figure 3 shows line scans of the Sn and P elements that enable observation of the change of Sn and P contents before and after annealing at 400°C for 7 h. After thermal annealing, the P content appears to decrease significantly, while the Sn content remains constant. This result indicates that genuine P loss occurs. ICP analyses of Sn and P confirmed that the sample annealed for 7 h exhibited SnP 0.05 . This means that during thermal annealing, small amounts of P may reside on particle surfaces, although most of the P in SnP 0.94 has been evaporated in vacuum annealing. Accordingly, TEM and ICP results imply that P may reside on the Sn particle surface. The weight percent of Sn and Ge was estimated as 70 and 30 after thermal annealing at 400°C for 7 h, respectively; this ratio shows the best electrochemical cycling result, as discussed below. Even though there is a possible formation of solid solution between Sn and Ge, EDX spectroscopy of the region of amorphous Ge does not show the Sn peaks ͑Fig. 2e͒. Moreover, line scans of the annealed sample in Fig. 3 do not show Ge, indicating no possible solidsolution formation. If pure Sn nanoparticles and amorphous Ge can be directly annealed at 400°C, there is great possibility of solidsolution formation. However, the decomposition reaction of SnP 0.94 is expected to hinder the solid-solution reaction between Sn and Ge. Figure 4a shows voltage profiles of the nanocomposite obtained after annealing at 400°C for 7 h in 1, 10, 20, 30, 40, and 50 cycles between 1.2 and 0 V at a rate of 0.2C ͑=440 mA/g͒ in coin-type half-cells. A small bump around 1.5 V during the first discharge may be due to the decomposition of the surface oxide layer of the nanocomposite. The nanocomposite shows the first discharge and charge capacities of 1638 and 1078 mAh/g, respectively, with an irreversible capacity ratio of 34%. Such a large first discharge capacity is due to the severe side reaction of the enlarged active surface area with the electrolyte. 24 In the side reaction, solvent molecules and salt anions are reduced on the active surface, forming insoluble Li salts that precipitate to form a passivating film surface. In addition, the relatively large contact area of the electrode/electrolytes of the nanocomposite leads to intensified surface reactions and hence to their high irreversible capacity. Another source that may contribute to the irreversible capacity is the formation of MO x , and the decomposition plateau of MO x to M ͑M = Sn or Ge͒ and Li 2 O. As can be seen in Fig. 4a , there is a small bump at ϳ1.6 V, which may be due to the oxides decompositions. The capacity-retention ratio of the nanocomposite is found to be 66% after 50 cycles. When the individual amorphous Ge and Sn nanoparticles ͑30 wt % Ge and 70 wt % Sn͒ were physically blended, we could not get good dispersion of them because the nanoparticles severely aggregated each other. The electrochemical result of this mixture is much inferior to that of the nanocomposite ͑Fig. 4a͒, and the capacity retention is only 28% of the first charge capacity ͑1400 mAh/g͒ after 22 cycles. The first charge capacity of Sn nanoparticles was 920 mAh/g, and the capacity retention was 5% after 30 cycles. Moreover, the capacity retention of the amorphous Ge nanoparticles obtained from thermal annealing of the viscous butyl-capped Ge gels at 400°C for 7 h shows 21% ͑from 1450 to 300 mAh/g after 50 cycles͒. Based upon the charge capacities of the individual Sn and Ge, which were 920 and 1450 mAh/g, respectively, the estimated charge capacity of the composites is 1079 mAh/g. This value agrees well with the experimental charge capacity of the composite ͑Sn:Ge = 70:30 wt %͒, which is 1078 mAh/g ͑Fig. 4a͒. Because both Sn and Ge are electrochemically active and physically dispersed in the composites, the lithium alloy-dealloy process occurs simultaneously according to the following equations: 4.4Li + Sn ↔ Li 4.4 Sn and 4.4Li + Ge ↔ Li 4.4 Ge.
Pure amorphous Ge nanoparticles with a size of Ͻ20 nm, prepared at 200°C, showed relatively good dispersions between the nanoparticles and good capacity retention with Ͼ1000 mAh/g. 25 In our case, however, the composite should be annealed at 400°C, and amorphous Ge nanoparticles appear to be severely aggregated. This is a huge difference, compared to pure amorphous Ge nanoparticles, 25 but the particle size is unchanged ͑Fig. 1e͒. Actually, aggregated nanoparticles have a higher chance for earlier particle pulverization compared to well-dispersed analogues. 26 As the particle size of the Sn nanoparticles ͑Fig. 5a͒ is similar to that of the nanocomposite, the considerable capacity difference between these samples is associated with the role of amorphous Ge during cycling. In the case of the composite consisting of Sn nanoparticles with an average particle size of 30 nm and carbon composite, the amount of carbon estimated from the capacity was Ͼ40 wt %. 27 The capacity contribution of the carbon was 22.5 mAh/g, and carbon therefore acts as an inactive matrix. This composite shows a reversible capacity of 500 mAh/g with a coulombic efficiency of 70% ͑for the first cycle͒ out to 200 cycles. Figure 6 shows normalized Ge K-edge X-ray absorption nearedge spectra ͑XANES͒ and Fourier-transformed ͑FT͒ extended X-ray absorption fine structure ͑EXAFS͒ spectra for the nanocomposite for the first discharge and charge. The peak positions of all the Ge in the XANES spectra of the nanocomposite are consistent with that of reference metallic Ge film, indicating maintenance of Ge metallic phase throughout the electrochemical reaction. The characteristic FT peak position at ϳ2.2 Å corresponding to pure metallic Ge-Ge bond are constant for the first cycling, which means there is no solid solution between Sn and Ge in the nanocomposite. The FT peak intensity of Ge-Ge bonding shows a systematic decrease during the first discharge process. In the fully discharged nanocomposite, the FT peak decreases abruptly, meaning Ge-Ge metallic bond-cleavage or formation of a smaller Ge metallic cluster. The following charge to 1.2 V leads to a relatively reversible increase of FT peak intensity, which is due to the formation of Ge nanocrystals by reformation of Ge-Ge metallic bonding from the small Ge cluster. This structural variation of the nanocomposite for the electrochemical reaction remains in the second discharge-charge process, as shown in Fig. 6 . Finally, it is expected that with initial lithiation into the nanocomposite, the Li-ion can at first be incorporated into Ge-Ge chemical bonding in the amorphous Ge phase. The volume expansion by alloying with the Sn phase can also accelerate the pulverization of the amorphous Ge phase. The smaller Ge cluster is rearranged and aggregated in the subsequent delithiation process, acting as a structural buffer phase. Therefore, it can be deduced that the pulverized amorphous Ge phase during lithiation and delithiation lends the percolation path for the electrical conduction, which results in better electrochemical performance of the nanocomposite with respect to the pure Ge and Sn nanoparticles.
In order to investigate the origin of the difference in capacity retention between the nanocomposites and pure Sn, the nanocomposite after 5, 20, and 50 cycles were extracted from the cell and a TEM analysis was carried out. Figure 7a is a TEM image after five cycles ͑the electrode was detached from the cell at 1.2 V charged state͒ in which uniformly dispersed nanoparticles in a large particle with a size of 0.8 m can be observed. High-resolution electron microscopy analysis of the large particle confirms the tetragonal ␤-Sn particle ͑Fig. 7b͒. Compared with a TEM image before cycling ͑Fig. 2c͒, its size after five cycles showed an eightfold increase, indicating that a larger Sn cluster forms at the expense of smaller clusters. The formation of the larger Sn cluster is due to the minimization of the surface-interfacial energy among the particles. 28 Sn particles aggregate into larger clusters until a maximum cluster size is reached. However, upon reaching the maximum cluster size, the cluster starts to become pulverized, as supported by the TEM image in Fig. 7c . After 20 cycles, the large particle has completely disappeared and spherical particles with a size of ϳ100 nm are dispersed between the Ge matrix, as confirmed by the EDX spectroscopy marked by dotted circles in Fig. 7d . After 50 cycles, Sn nanoparticles Ͻ10 nm are observed ͑Fig. 7e and f͒, indicating that 100 nm sized nanoparticles continue to be pulverized into much smaller nanoparticles.
A decreasing Sn particle size was also observed in ex situ XRD patterns of the cycled nanocomposite electrodes after 5, 20, and 50 cycles, as shown in Fig. 8 . The crystallite size of the Sn nanoparticles after 5, 20, and 50 cycles was determined from the width of the peaks according to the Scherrer equation 29 and was estimated to be 180, 100, and 10 nm, respectively. These results are in good agreement with TEM images of the cycled electrodes, as shown in Fig. 7 . As discussed above, the significant capacity-retention difference between the pure Sn and the nanocomposite is related to the dispersed amorphous Ge particles, which act as a percolation path for electrical conduction. A similar result was reported for Sn nanoparticles in Li-P-O matrix phase, which showed no capacity fade out to 100 cycles, although Sn nanoparticles showed severe pulverization. 30 This improvement was due to the Li-P-O matrix providing conduction paths between the Sn nanoparticles. In contrast to the observation of pulverized Sn nanoparticles which have electrically isolated each other ͑Fig. 5b͒, amorphous Ge particles were shown to be dispersed between the Sn particles, providing percolation pathways for the conduction ͑Fig. 7e and f͒.
Conclusions
A nanocomposite consisting of amorphous Ge and Sn nanoparticles was prepared via thermal annealing of the mixture of butylcapped Ge gels and SnP 0.94 nanoparticles at 400°C under a vacuum. They showed a first charge capacity of 1078 mAh/g with a capacity retention of 64% after 50 cycles. However, pure Sn nanoparticles displayed a fast capacity fade, showing 5% capacity retention after only 20 cycles. The results indicated that while Sn particles within a cluster became electrically isolated and became inactive as a lithium metal alloy material, amorphous Ge phase dispersed in the Sn nanoparticles provided conduction paths. However, one of the critical problems of nanomaterials like this composite is a too-high electrolyte/electrode surface area that may lead to more significant side reactions with electrolyte. This causes high irreversible capacity and low capacity retention. We cannot underestimate contributions of the nanomaterials for high-rate and high-capacity applications. 31 However, coulombic efficiency of the nanocomposites may be improved by introducing inactive carbon matrix even though it sacrifices the capacity decrease. 
